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In t roduct ion  

The technology of f l u i d i s e d  bed coa l  combustion (FBC) and i t s  advantages 
over  convent ional  c o a l  burning systems i s  now w e l l  e s t a b l i s h e d  and i s  
extens ive ly  repor ted  i n  t h e  l i t e r a t u r e  C1,2,3,4). A common way of in t roducing  
coa l  t o  t h e  bed is  v i a  coa l  feed  p o i n t s  i n  t h e  d i s t r i b u t o r  p l a t e  and f o r  t h i s  
method it i s  usua l  t o  use crushed coa l  of p a r t i c l e s  less then 6 mm. Problems 
assoc ia ted  wi th  t h i s  method inc lude  the  determinat ion of t h e  c o r r e c t  number and 
spacing of feed  p o i n t s ,  blockages and t h e  obvious expense i n  coa l  prepara t ion .  
Crushed c o a l  i s  used because i r .  w a s  thought necessary  t o  keep t h e  coa l  p a r t i c l e  
s i z e s  approximately equal  t o  those  making up t h e  bulk  of bed and so maintain good 
f l u i d i s a t i o n  c h a r a c t e r i s t i c s .  However, Highley e t  a l .  (5) showed t h a t  l a r g e  coa l  
p a r t i c l e s  (< 50 mm) could be burn t  q u i t e  e a s i l y  i n  an FBC w h i l s t  a t  t h e  same time 
overcoming the coa l  feed  problems o u t l i n e d  above by overbed feeding.  Also, using 
uncrushed c o a l  a l lows the  bed and f reeboard  h e i g h t s  t o  be reduced (5) making 
obvious savings i n  c a p i t a l  and running c o s t s .  An i n c r e a s e  i n  t h e  s ize  of coal 
p a r t i c l e  f e d  t o  t h e  combustor r e s u l t s  i n  an i n c r e a s e  i n  the  bed carbon loading 
(6) which i n f l u e n c e  such important  phenomena as NO emissions and e l u t r i a t i o n  ( 7 ) .  
However, t h e r e  is l i t t l e  informat ion  on the  e f f e c t  on the  performance of an FBC 
due t o  a v a r i a t i o n  of p a r t i c l e  s i z e  i n  t h e  coa l  feed.  
r e p o r t s  a s tudy  of t h e  combustion of  monosized coa l  f r a c t i o n s  f e d  continuously to  
the  bed v i a  an overbed feeder .  
and combustion e f f i c i e n c y  a r e  presented .  Measurements us ing  crushed c o a l  
(< 1.5 mm) f e d  pneumatical ly  t o  the bed are inc luded  f o r  comparison. 

2. Experimental procedure 

This  paper ' therefore ,  

Data showing the e f f e c t  of coa l  s i z e ,  excess  a i r  

T'ne f l u i d i s e d  bed combustor shown schemat ica l ly  in Fig.  1, was 0.3 m square 

The bed which was 0.6 m deep, cons is ted  of sand of mean 
F l u i d i s i n g  a i r  was in t roduced  t o  t h e  bed through a bubble 

Crushed c o a l  (< 1.5 mm) was f e d  pneumatical ly  i n t o  the 
Large 

s e c t i o n  and 1.83 m high and cons t ruc ted  from s t a i n l e s s  steel ,  t h e  wal l s  be ing  
i n s u l a t e d  w i t h  kaowool. 
p a r t i c l e  s i z e  600 pm. 
cap d i s t r i b u t o r  p l a t e .  
bed from a s e a l e d  hopper v i a  a c a l i b r a t e d  r o t a r y  valve f e e d e r  (Fig.  1). 
c o a l  (N.C.B. 501) prev ious ly  s i e v e d  t o  give monosized f r a c t i o n s  (6.3, 9.5 and 
12.5 mm) was f e d  by a v i b r a t o r y  f e e d e r  from a p r e s s u r i s e d  hopper t o  the  s u r f a c e  
of t h e  bed. 
feed  occurred when a screw f e e d e r  w a s  i n i t i a l l y  used. 
two g r i d s  which allowed any f i n e s  p r e s e n t  t o  f a l l  through. 
was achieved us ing  an overbed gas  b u r n e r  which preheated t h e  bed t o  725 K before  
c o a l  was i n j e c t e d .  
removed by a two-stage cyclone. S o l i d s  separa ted  by the cyclones dropped i n t o  
ca tchpots  (Fig. 1). I n  order  t o  measure t h e  r a t e  of e l u t r i a t i o n  of m a t e r i a l  
during s teady-s ta te  combustion, the  car ry  over  from the combustor was d i v e r t e d  
i n t o a  sepera te  catchpot .  The temperature  of t h e  bed was c o n t r o l l e d  by a cool ing 
c o i l  immersed i n  t h e  bed. Thermocouples were loca ted  i n  t h r e e  p o s i t i o n s  i n  the  
bed: top,  middle and bottom and a l s o  i n  the  f reeboard  (Fig. 1). A l l  bed and 
f reeboard  temperatures  and the cool ing  water  temperature were recorded 
cont inuously on char t  recorders .  

A v i b r a t o r y  feeding  system was adopted a f t e r  degradat ion of t h e  coa l  
The l a r g e  coa l  passed over 

S t a r t  up of t h e  bed 

P a r t i c u l a t e  c a r r y  over i n  the  gaseous combustion products  was 
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Durin a l l  t h e  experimental  runs  t h e  f l u i d i s i n g  v e l o c i t y  was kept  cons tan t  f 
(% 0.8 ms- ) and changes i n  s to ich iometry  w e r e  achieved by vary ing  the  coa l  feed 
r a t e  t o  the combustor. G a s  samples were obta ined  from the  bed, f reeboard and 
e x i t  f l u e  by means of sampling p o r t s  l o c a t e d  along one w a l l  of t h e  combustor. 
Water cooled s t a i n l e s s  s t ee l  probes l i n e d  wi th  s i l i c a  were used f o r  gas sampling. 
An on-line chemiluninescent a n a l y s i s  (TECO Model 10A)  w a s  used t o  determine the  
n i t r i c  oxide conten t  of t h e  combustion gas. 

3. Experimental r e s u l t s  

3.1 NO emissions 

N O  concent ra t ions  throughout the. bed and f reeboard  f o r  t h e  crushed coa l  
(< 1.5 mm) a r e  shown in Fig.  2 f o r  bed temperatures  ranging between 1043 and 1193 
K. A sharp increase  i n  NO concent ra t ion  is observed from 400 t o  1300 ppm f o r  a 
bed temperature of 1043 K and concent ra t ions  r i s e  t o  1500 ppm a t  the  top of t h e  
bed f o r  Tb = 1193 K. For a l l  t h e  bed temperatures  t h e r e  i s  a sharp  decrease i n  
N O  concentrat ion through t h e  freeboard g iv ing  exit  va lues  of 375 ppm f o r  
Tb Simi la r  t rends  a r e  seen i n  Fig.  3 f o r  
the la rge  coals  (6.3, 9.5 and 12.5 mm). The concent ra t ions  of NO a t  the top of 
t h e  bed a r e  of t h e  order  of 1400 pprn and a t  t h e  e x i t  they have f a l l e n  t o  500 ppm 
f o r  a bed temperature of 1143 K. These measurements were repea ted  f o r  d i f f e r e n t  
va lues  of excess a i r  (XSA) and Fig. 4 shows t h e  v a r i a t i o n  of NO concent ra t ion  a t  
the  e x i t  f l u e  (cor rec ted  t o  3% 02) f o r  XSA values  of between 6 and 47% f o r  a l l  
t h e  la rge  coals  at Tb = 1043 and 1093 K. For t h e  6.3 mm coa l  a t  10% XSA and 
Tb = 1043 t h e  NO concent ra t ion  i s  360 ppm; t h e  corresponding value at Tb = 1093 K 
i s  475 ppm. Af te r  these  i n i t i a l  va lues  the NO concent ra t ions  a t  both 
temperatures  show a sharp  increase  t o  about XSA = 25% followed by a l e v e l l i n g  off 
f o r  higher  values  of XSA. These t rends  a r e  repea ted  f o r  t h e  9.5 mm coa l  but  with 
reduced concent ra t ions  throughout. It w a s  expected t h a t  the  12.5 mm would show a 
f u r t h e r  o v e r a l l  decrease i n  NO concent ra t ion  b u t  as can be seen i n  Fig. 4 the  
12.5 mm curve f a l l s  between those of t h e  6.3 and 9.5 mm c o a l s  s t i l l ,  however, 
showing the  same t rends  as the  l a t t e r  two s i z e s .  

1043 K and 700 ppm f o r  Tb = 1193 K. 

3.2 E l u t r i a t i o n  r a t e s  

The measured e l u t r i a t i o n  r a t e s  under s t e a d y s t a t e  condi t ions  a r e  shown i n  
Figs .  5, 6 and 7. Fig. 5 shows the t o t a l  car ry  over  Ci.e. ash and carbon) 
leav ing  the  combustor f o r  t h e  9.5 mm coa l  at d i f f e r e n t  l e v e l s  of excess  air  and 
temperature. A sharp  decrease i n  e l u t r i a t e d  m a t e r i a l  i s  observed when the l e v e l  
of excess  a i r  i s  increased  from 10% t o  about 20%; t h i s  rate of decrease reduces 
a s  the excess a i r  i s  increased  beyond 20%. The carbon content  of the c a r r y  over  
m a t e r i a l  f o r  the  9.5 m c o a l  i s  p l o t t e d  a g a i n s t  t h e  excess  a i r  f o r  the  four  bed 
temperatures  (Fig. 6) .  The propor t ion  of carbon i n  t h e  c a r r y  over  decreases  with 
increas ing  temperature and excess  a i r .  The same t r e n d  is observed f o r  a l l  the  
c o a l  s i z e s  s t u d i e d  (17) .  

The e f f e c t  of coa l  p a r t i c l e  s i z e  on t h e  car ry  over  and carbon loss at  20% 
excess  a i r  is i n d i c a t e d  i n  Fig.  7. A sharp  decrease i n  c a r r y  over  i s  observed 
when coa l  s i z e s  of i n c r e a s i n g  diameters  a r e  used i n  t h e  f l u i d i s e d  bed combustor. 
Beyond the  9.5 mm c o a l  s i z e ,  e l u t r i a t i o n  rates l e v e l  of f  and as  t h e  bed 
temperature  i n c r e a s e s ,  show an upturn (Fig. 7 ) .  This  unexpected behaviour of the 
car ry  over due t o  t h e  12.5 mm coa l  i s  i n  p a r a l l e l  w i t h  the  NO r e s u l t s  f o r  t h e  
same coa l  as d iscussed  above. 

3.3 Combustion e f f i c i e n c y  

The q u a n t i t y  of h e a t  l o s t  as  carbon e l u t r i a t e d  from the  combustor is the  
major f a c t o r  a f f e c t i n g  t h e  e f f i c i e n c y  of f l u i d i s e d  bed coa l  combustors. 
Combustion e f f i e n c y  has  been determined f o r  each coa l  p a r t i c l e  s i z e  a t  about 20% 
excess  a i r .  
combustion e f f i c i e n c y .  

The r e s u l t s  a r e  shown i n  t a b l e  1 i n  terms of carbon percentage 
Loss of carbon occurred almost e n t i r e l y  hy e l u t r i a t i o n .  
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Table 1. Combustion E f f i c i e n c y  a s  a f u n c t i o n  
of c o a l  s i z e  and bed temperature.  

Temp (K) j Combustion e f f i c i e n c y  
@ 20% XSA 

12.5 nun 

9 3  

An i n c r e a s e d  carbon combustion e f f i c i e n c y  i s  achieved wi th  the  increase  of 
a i r  up t o  about 20-25%, a f u r t h e r  i n c r e a s e  i n  excess  a i r  beyond t h i s  va lue  does 
n o t  improve t h e  carbon combustion e f f i c i e n c y  s i g n i f i c a n t l y .  The combustion 
e f f i c i e n c y  i s  observed t o  i n c r e a s e  w i t h  bed temperature f o r  t h e  6.3 and 9.5 nun 
coals  ( t a b l e  1) .  The 12.5 mm r e s u l t s  show only  a s l i g h t  s e n s i t i v i t y  t o  bed 
temperature (1043 K - 1193 k ,  20% excess  a i r ) .  The h i g h e s t  carbon combustion 
e f f i c i e n c y  of 95% is achieved wi th  t h e  9.5 nun a t  a bed temperature of 1193 K 
( t a b l e  1). 

4 .  Discussion 

The l e v e l s  of N O  a t  t h e  e x i t  of an FBC may be expressed  as  a sum of t h e  
r a t e s  of formation and r e d u c t i o n ,  wi thout  s p e c i f y i n g  any mechanisms, a s  follows 

Rate of Rate of Rate of Rate of 
formation - reduct ion  + formation - reduct ion  
i n  t h e  i n  t h e  i n  t h e  i n  t h e  
bed bed f reeboard  f reeboard  

A B C D 

Rate of NO 
emitted a t  = 
t h e  f l u e  

1) 

i t  i s  c l e a r  from Figs .  2 z d  3 t h a t  A > B and D : C f o r  a l l  t h e  cools  used i n  
these  experiments.  There a r e  many experimental  d a t a  a v a i l a b l e  which show t h a t  NO 
reduct ion i n  an FBC can take  p lace  via NO-char r e a c t i o n s  (8,9,10) and s o  t h e  
l e v e l  of NO reduct ion  may be expected t o  be p r o p o r t i o n a l  t o  t h e  carbon loading i n  
t h e  bed, which i n  t u r n  i s  p r o p o r t i o n a l  t o  the diameter of t h e  coa l  p a r t i c l e s  i n  
t h e  feed. When l a r g e  c o a l  is f e d  t o  the  bea t h e  r a t e  of NO formation w i l l  be 
slower and lower than f o r  crushed c o a l  b u t  t h e  r a t e  of reduct ion  w i l l  a l s o  be 
lower even f o r  l a r g e r  carbon loading  because of t h e  low carbon s u r f a c e  a r e a  per  
uni t  mass. 

This could e x p l a i n  why, a s  shown i n  F igures  2 and 3 ,  approximately the  same 
l e v e l s  of N O  concent ra t ion  a r e  observed a t  t h e  top of t h e  bed f o r  both crushed 
and la rge  coa ls .  These s i m i l a r  l e v e l s  of NO a l s o  c o n t r a d i c t  t h e  sugges t ion  (11) 
t h a t  overbed feeding  of l a r g e  c o a l  may i n c r e a s e  NO reduct ion  a t  t h e  t o p  of the 
bed due t o  an increased  carbon loading i n  t h a t  region.  The NO concent ra t ions  i n  
t h e  0 . 3  m square FBC, t h e r e f o r e ,  appear t o  be independent of coa l  f e e d  p o s i t i o n  
and s i z e  of  coa l  fed .  
p lace  i n  the  f reeboard  (F igs .  2 and 3 ) .  
occurs  i n  t h e  reg ion  immediately above t h e  bed where t h e  char  concent ra t ion  i s  
h igh  due t o  sp lash ing .  I t  i s  i n  t h e  f reeboard  then t h a t  the  e f f e c t  of carbon 
loading i n  t h e  bed on NO reduct ion  i s  most ev ident  s i n c e  t h e  l e v e l  observed f o r  
t h e  9.5 mn coa l  a r e  lower than f o r  t h e  6 .3  m and crushed c o a l s .  The NO l e v e l s  
i n  t h e  f reeboard  a r e  seen t o  decrease  
i n  the  same manner a s  t h e  s o l i d s  popula t ion  decreases  ( 1 2 ) .  

The major p o r t i o n  of NO reduct ion  repor ted  h e r e ,  takes  
I n  p a r t i c u l a r  t h e  h i g h e s t  reduct ion  r a t e  

exponent ia l ly  wi th  h e i g h t  (Figs .  2 and 3) 
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Assuming t h a t  la rge  coa l  p a r t i c l e s  do n o t  break when introduced t o  the bed 
then i t  would be expected t h a t  t h e  e l u t r i a t i o n  r a t e  would be s i g n i f i c a n t l y  
reduced compared t o  when crushed coa l  i s  fed t o  the bed. F igure  5 shows a 
reduct ion i n  the  e l u t r i a t i o n  r a t e  of carbon as t h e  c o a l  feed p a r t i c l e  s i z e  
increases  b u t  the  d i f f e r e n c e  i s  n o t  as g r e a t  a s  would be expected bear ing  i n  mind 
t h a t  the la rge  c o a l  i s  a monosized feed and does n o t  include any f i n e s .  
p a r t i c u l a r  the carbon e l u t r i a t i o n  r a t e  f o r  t h e  12.5 mm coa l  although i n i t i a l l y  
(Tb = 1043 K) less than t h a t  measured f o r  the  9.5 mm subsequent ly  becomes g r e a t e r  
f o r  Tb > 1093 K. 
p a r t i c u l a r  s u f f e r s  from breakage due t o  thermal shock when introduced t o  the  bed. 
This a l s o  expla ins  why the  NO concent ra t ions  f o r  t h i s  coa l  f a l l  between those 
measured f o r  t h e  6 .3  and 9.5 nun coals  (Fig.  4) .  P a r t i c l e  a t t r i t i o n  may a l s o  be 
s i g n i f i c a n t  wi th in  the  bed (13,14,15) p a r t i c u l a r l y  f o r  the  l a r g e r  coa ls .  Merrick 
and Highley (16) der ive  an expression f o r  p a r t i c l e  s i z e  reduct ion  due t o  
a t t r i t i o n  based on R i t t i n g e r s  Law of abrasion and showed t h a t  the  shr inkage r a t e  
was propor t iona l  t o  the p a r t i c l e  s i z e  v i z :  

I n  

This  may be explained by the f a c t  t h a t  t h i s  coa l  (12.5 mm) i n  

Thus the e l u t r i a t i o n  r a t e  f o r  t h e  l a r g e r  coa ls  could be s i g n i f i c a n t l y  enhanced 
due t o  a t t r i t i o n  phenomena. The lowest e l u t r i a t i o n  r a t e s  observed (Fig.  7) a r e  
f o r  the  9.5 mm coa l  a t  1193 K and 20% XSA. 
temperature and excess  a i r  w i l l  be t o  i n c r e a s e  t h e  combustion r a t e  with a 
consequent reduct ion i n  t h e  amount of carbon thrown i n t o  the freeboard.  Thus the 
e l u t r i a t i o n  r a t e s  w i l l  decrease f o r  an i n c r e a s e  i n  both Tb and XSA. 
can be seen i n  Figs .  5 and 6 .  

The e f f e c t  of  increas ing  t h e  bed 

This  t rend  

5. Conc.lusions 

The measurements of n i t r i c  oxide concent ra t ions  i n  t h e  bed and freeboard of 
the 0.3 m square f l u i d i s e d  bed have shown t h a t  n i t r i c  oxide i s  produced wi th in  
the bed and a r e  reduced i n  t h e  f reeboard .  E l u t r i a t i o n  r a t e s  and NO 
concentrat ions measured a t  t h e  e x i t  of t h e  f reeboard both decrease with 
increas ing  coal  p a r t i c l e  s i z e  up t o  a s i z e  of 9.5 mm f o r  most condi t ions .  The 
combustion of monosized coa l  p a r t i c l e s  i n  t h e  f l u i d i s e d  bed has h i g h l i g h t e d  the 
interdependence of e l u t r i a t i o n  r a t e ,  bed carbon content ,  carbon concent ra t ion  i n  
the freeboard and n i t r i c  oxide emissions.  The r e s u l t s  a l s o  i n d i c a t e  t h a t  an 
optimum opera t ing  condi t ion  f o r  t h i s  p a r t i c u l a r  f l u i d i s e d  bed combustor may e x i s t  
f o r  the  9.5 mm coa l  s i z e  a t  20% XSA. However, f u r t h e r  experimental  r e s u l t s  a re  
necessary,  i n  p a r t i c u l a r  wi th  respec t  t o  t h e  complex phenomena occurr ing  i n  the 
freeboard region. 
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7. Nomenclature 

d coa l  p a r t i c l e  d i a .  

f ( d p )  
H t o t a l  bed h e i g h t .  

K abrasion constant .  

U s u p e r f i c i a l  f l u i d i s i n g  v e l o c i t y .  

The views expressed here  a r e  

P 
f r a c t i o n  of coa l  p a r t i c l e s  i n  bed smal le r  than d 

P '  

minimum f l u i d i s i n g  v e l o c i t y .  
Umf 
Y v e r t i c a l  co-ordinance. 

E dimensionless h e i g h t  (=  y/H). 
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